topic of the research. Moreover, the behaviour of the planar traction force, due to the interaction between those two quantities, will be analysed as function of slip. Fig. 1 . Perspective view of the actuator and its parts [6] .
II. PLANAR ACTUATOR TOPOLOGY AND DESIGN
The Induction Planar Actuator (IPA) is divided into two parts: moving part and static one. The moving primary part comprehends a core formed by a grain-insulated soft magnetic composite (SMC) block with nine teeth where eighteen coils are wound. The coils are divided in two sets of nine. The two sets of coils are placed in a way that they are orthogonal to each other: one set corresponds to the x-axis, and the other, to the y-axis.
Each set of coil is fed by its own three-phase AC source [8, 9] . The static secondary consists of a slab of aluminium placed on the top of a slab of soft ferromagnetic material, e.g. massive steel. Figure 2 shows the frontal view. The main dimensions of the IPA are given in Table I . Each tooth receives two primary coils electrically independent from each other: one form the set of three phase windings to produce a magnetic flux travelling in the x direction, the other will form the set of three phase windings to produce a magnetic flux travelling in the y direction. Each set of three phase windings has a star connection with no neutral, Figure 3 . Each coil consists of 250 turns distributed in 11 layers, with an electrical resistance of approximately1.21Ω . In order to prevent a significant temperature rise, a 4 A/mm 2 was adopted for the design of those coils.
This assembly of windings was chosen by practicality and maintenance. However, as the three windings x and y are in different layers or positions in relation to the air gap, the electromagnetic effects of each one of them will be different. The main reason for each phase of each winding to be composed by 3 coils is because in this configuration the magnetic flux has less leakage and is more concentrated on the preferred path through the air gap. Fig. 3 . Electrical connection of the coils and windings [6] .
III. OPERATION PRINCIPLES
The operating principle of the induction planar actuator is based on the same principle of a linear induction motor.
The primary core topology combined with the three-phase excitation is responsible for producing the magnetomotive force and a magnetic field that can travel along a straight line in the x-direction and/or in the ydirection. As a result, the two directions of the travelling magnetic field are orthogonal to each other [6, 10, 11] .
That results in an induced current in the secondary, mostly on the aluminium slab. The induced current and its interaction with the travelling magnetic fields are responsible for the production of the planar propulsion force that pushes the mover along a straight line. Hence, the direction of movement of the mover will depend on the phase sequences and on the magnetomotive force produced by each three-phase set of coils.
The use of a steel slab in the secondary would increase de air gap flux density, and, hence, the planar traction force. However, it will also result in an increased normal force parallel to z direction. The travelling magnetic field also causes magnetic losses in the ferromagnetic material [8] .
The use of an SMC material, e.g. 1P Somaloy 500, in the primary, limits the losses produced by eddy currents. At the same time it allows a 3D flux density distribution by being isotropic. It has a higher electrical resistivity, but a lower magnetic permeability when compared to massive steel [6] . Nevertheless, it should not be a cause of major concern since a 1 mm long air gap is present and that will set the air gap flux density. Table II shows the characteristics of the two ferromagnetic materials employed in the case for the sake of the comparison. 
IV. ANALYTICAL MODELING
The three-dimensional distribution of magnetic flux density in the air gap of the IPA is closely connected with the production of electromagnetic forces acting on the device. The behaviour of that flux density depends directly on the constructive features of the machine, and on how the primary excitation is produced.
Based on a three-dimensional model, developed in rectangular coordinates (x,y,z) and on the time domain (t), the distribution of the magnetic flux density can be determined using an analytical framework. Although it is possible to model the whole structure, the focus of the analysis is on the region of the air gap [7] . Figure 4 shows the region where the magnetic flux density is analysed at one instant of the time when the results are computed. It also shows the conditions taken into account by the modelling. 
Ψ is the magnetic scalar potential in the air gap, A is the magnetic vector potential associated with the magnetic flux density through A B r r × ∇ = [11, 12] .
For the analytical modelling, the boundary conditions are defined in a way that the magnetic scalar potential was equal to zero on planes x=0, y=0, z=0, x=l t /2, y=l t /2, z=l g +l a , x=l t , y=l t, z=l g +l a . Figure 3 helps to understand that.
According to [7] and [9] , the effect of the alternating magnetic field that produces the resulting magnetic flux density in the air gap is possible to obtain as a function of time. Then, from the combination of sources of magnetic field, the resulting magnetic flux density in the air gap can be expressed by (3).
B. Development of the Modelling Equation of the Magnetic Field
As the forces involved in the IPA depend primarily on the z component of the magnetic flux density vector in the air gap, A is given by (6) [9, 13, 14] . A is the magnitude of the primary line current density, I is the RMS value of current applied to the primary winding per phase, N is the number of turns of one coil, p is the number of pair of poles, and f is the primary frequency of excitation [6, 7] .
The solution for the magnetic flux density produced by the eddy currents in the stator, The equation related to magnetic flux density, in spatial terms, as presented in (19), related the excitation in the both three-phase windings, but can be used for one axis too, depending on the situation.
According to [10] and [12] , the equation that represents the alternating effect of the magnetic flux density in the air gap can be given by (20), ) cos( ) ( It is important to consider in these results that the B(x,y,z,t) represents just the effect produced when only the x-winding is excited. To represent the effect from both windings it is necessary to make a superposition of effects, which can be calculated by (3).
D. Planar Traction Force
The planar traction force, responsible for the operation of the device, can be analytically obtained by the volumetric integration of the vector product between the magnetic flux density and the induced current density in the secondary, equation (23).
V is the volume of integration defined by the boundary conditions, as a function of x, y, and z, defined in figure   3 . Here the boundary conditions are the same as the ones defined for the analytical model of the magnetic flux density. Once (24) is computed, a more detailed expression for the planar traction force is obtained. V. NUMERICAL ANALYSIS 3D steady-state FEM analysis of planar actuator is carried out by the Maxwell 3D software. A threedimensional model or virtual prototype was developed, since the distribution of magnetic flux occurs in space, and the topology of the actuator does not present symmetries to allow an analysis in two dimensions. Planar forces were computed using the Maxwell Stress tensor, defining a surface of integration around the mobile stage of the actuator [5] . A view of the virtual model of IPA is shown in figure 5 . The total number of finite elements in the virtual model is 362,562, for the solution, 394,125 differential equations, for a dynamic simulation as a 45 function of the time, slip, primary excitation and frequency [3, 5] . 
A. Magnetic Flux Density
To make a comparative analysis between the analytical and the numerical solutions, the magnetic flux density is computed along the sampling line as the one in figure 6 . The results are presented in figure 7 . 
B. Induced Current in the Secondary Materials
The behaviour of the secondary induced current is also considered as a function of the penetration depth in the materials of the secondary. This induced current is a result of the travelling primary magnetic field. Figure 8 presents the 2D distribution of the secondary induced current, when only the winding along of x-axis is excited with three-phase source (60Hz -4 A/mm 2 -0 degree).
It is important to notice that the aluminium slab has a better electric conductivity than the secondary steel.
Then, the induced current is more concentrated on the surface in the region where the aluminium is present. This higher concentration of electrical current in the aluminium improves the planar traction force because this force is directly proportional to magnetic field and to that induced current.
(a) (b) Fig. 8 . Induced electrical current in the secondary: (a) region monitored; (b) 3D-plot, when just the x-axis winding is excited.
C. Planar Traction Force
The forces were obtained by means of the Maxwell's Stress tensor applied to the Finite Element Analysis. It was done by setting an integration surface around the mover of the actuator. The non-conducting regions were modelled using a scalar potential,ψ [4] . The boundary condition was set as B parallel. In the analysis, only one phase was represented in the virtual model. The coils were embedded in elements in which the reduced scalar potential was defined. It is important to notice that when only the x-axis winding is excited the relative movement between the primary and the secondary occurs along of the x-axis. However, when both windings are excited at the same time and with the same current source, the mover developed the movement along a resulting direction on the plane formed by the secondary.
VI. EXPERIMENTAL RESULTS
To obtain experimental results and validate theoretical ones, a prototype of the IPA was employed, figure 9.
That would allow one to verify the principle of operation under real conditions and to quantify the planar traction planar forces according to the excitation applied. The test setup relies on load cells, figure 10 , so it will be run as a static test. Fig.9 . Assembled prototype of the Induction Planar Actuator. Fig.10 . Test setup to measure the static planar traction force.
In the experimental tests, forces were measured along the x axis and along the y axis when both windings were excited. These results are here compared in terms of planar force production when only one winding is energized and when both windings are energized, but the result is measured only for one axis of movement, The difference between the planar force along the x direction produced when only the x-winding is excited and when both windings are excited, and in the same way along the y direction, can be explained by the fact that when both coils are excited simultaneously magnetic saturation of the armature ferromagnetic core takes place and affects the relation between the voltage and planar force produced.
The experimental results are obtained under the same conditions as the analytical and numerical ones as far as the static condition is concerned. Here it is considered that the x and the y windings received electrical excitation at different times. First, the x-winding received variable excitation in voltage and frequency, and the current in each coil is monitored in each case. To make a comparative analysis between experimental and analytical results it is important to consider that the analytical formulation needs equal current values in each coil, but it does not happen in practical terms due to the end effect. So, it is necessary to apply the technique of symmetrical components, and the results are presented in Table VII 
